Existing DNA sequence data on the Sry gene, the mammalian sex-determining locus in the Y chromosome, were analyzed for primates, rodents, and bovids. In all three taxonomic groups, the terminal sequences evolved faster than the HMG (high mobility group) boxes, and this applies both to synonymous (K,) and nonsynonymous (K,) nucleotide substitutions. Similar intragenic correlation between synonymous and nonsynonymous substitution rates was not found either in other mammalian genes that contain a conservative box (SOX, MSX) or in the MADS-box genes of plants. The rate of nonsynonymous substitutions exceeds significantly that of synonymous substitutions in the terminal Sry sequences of apes. We did not find good support for the hypothesis that the high evolutionary rate of Sry would be associated with a promiscuous mating system.
Introduction
Evolution of the Sry gene has received considerable attention, mainly because it has been shown to be the sex-determining locus in mammals. The gene is located in the Y chromosome where it normally occurs as a single copy. Deviations from this norm have been found in rodents. Multiple copies, resulting from amplification of the gene, have been found in akodontine rodents (Bianchi et al. 1993) , in some murid mice (Nagamine 1994) , and in rats (Tucker and Lundrigan 1995) . Species with abnormal sex chromosomal systems may completely lack the Sry gene (Graves 1995) .
Two different, although related questions have been asked concerning the evolution of the Sry gene. First, how has the locus evolved its sex-determining function and what is the ancestral gene? Second, how has the locus changed in different lineages after it acquired its present function, and how does its function affect the sequence change? We address the second question here.
It has been noticed (Tucker and Lundrigan 1993; Whitfield, Lovell-Badge, and Goodfellow 1993) that the Sry sequences have a high rate of nonsynonymous nucleotide substitutions. Whitfield, Lovell-Badge, and Goodfellow (1993) proposed that the rapid differentiation of the gene may result in low hybrid viability and contribute to speciation, although they did not propose that the speciation process would necessarily cause this sequence change. They also noted that rapid sequence evolution is commonly observed in sequences that are involved in interspecific genomic conflicts, such as between hosts and pathogens.
Frank (199 1) and Hurst and Pomiankowski ( 199 l) , building on earlier ideas of Hamilton (1967) , have presented a hypothesis that an intragenomic conflict between the Y chromosome and the rest of the genome might select for changes in the involved genes. In short, the idea is that if a gene in the Y chromosome gives some early competitive advantage to male embryos, leading to their fast growth and biased sex ratio within progenies, selection would favor these alleles. However, suppressing genes in the rest of the genome would be selected to counter these Y-chromosomal effects. Recently, Hurst (1994a Hurst ( , 1994b proposed that the Sry locus may be involved in such a conflict, which could explain its high evolutionary rate. There are four reasons why we want to revisit the problem. First, the conclusions on the evolutionary rates of the Sry proteins are based on the ratios of nonsynonymous to synonymous nucleotide substitutions (K,IK,) (Tucker and Lundrigan 1993; Whitfield, Lovell-Badge, and Goodfellow 1993) . However, the substitution rates (K, and K,) in these papers were estimated using biased estimates, and it is known that unbiased estimates (Li 1993; Pamilo and Bianchi 1993) can differ from biased ones, depending on the relative frequencies of transitional and transversional substitutions. Second, the observations on high K,IK, ratios are associated with small interspecific distances. This means that there are few substitutions and a large stochastic component. Third, the comparisons done do not provide independent data points because of the phylogenetic structure. The analysis of the sequence data must take into account the existing phylogenetic structure. Fourth, the Sry locus consists of a single exon but is composed of different domains with different functions and properties. The resulting protein has an high mobility group (HMG) box in the middle that is known to characterize genes with regulating functions. It is therefore necessary to partition the analysis and investigate these regions separately, as already suggested by Tucker and Lundrigan (1993) and Whitfield, Lovell-Badge, and Goodfellow (1993) . There are also some additional data that can be analyzed both to improve the statistical power and to broaden the taxonomic perspective.
Materials and Methods
We analyzed published sequences obtained from either GenBank or the literature. The Sry sequences analyzed in this paper came from the studies of Sinclair et al. (1990) for humans, Whitfield, Lovell-Badge, and Goodfellow (1993) for other primates, Tucker and Lundrigan (1993) and Lundrigan and Tucker (1994) for mice and rats, and Payen and Cotinot (1994) for bovids. The GenBank accession numbers and the abbreviations of the species used in the tables are: human (LO8063, Li (1993) , called the PBL method by Ina field, Lovell-Badge, and Goodfellow (1993) which gave (1995). The branch lengths within phylogenetic trees of the ratio Ka/KS between humans and gorillas as 0.32, all three groups (primates, rodents, bovids) were estiwhereas the real value was 2.57. Similarly, the estimates mated using the neighbor-joining algorithm (Saitou and Nei 1987 ) with a user-defined topology, separately for synonymous and nonsynonymous substitutions.
The topologies used were obtained from Strickberger (1995, pp. 438-444) for primates (figure l), from figure 20 of Lundrigan and Tucker (1994) for rodents (based on Sry, mtDNA, and allozymes), and by clustering the bovids by tribe (Bovinae vs. Caprinae). The total tree length was calculated as the sum of all the branches.
Other statistical methods are described later in the text. All analyses were carried out by computer programs written by Pl? and are available on request.
Results
of KS from the PBL method gave on average somewhat smaller estimates than those of Tucker and Lundrigan (1993) , although some of the values were very close to each other.
The comparisons of evolutionary rates should not be based on the table of all pairwise differences of extant taxa, as such comparisons are not independent of each other. Instead, one should compare the lengths of different branches of the tree, or the total length of the phylogenetic tree. We compared the evolutionary rates in the HMG box and in the terminal regions by calculating the total lengths of trees, based on known topologies (see Materials and Methods). As expected and noted by earlier authors (Tucker and Lundrigan 1993; and Goodfellow 1993; Payen Estimates of interspecific synonymous and nonsyand Cotinot 1994), there were more nonsynonymous hifnonymous substitution distances showed no clear differences in the terminal sequences than in the HMG box, ferences between the N-and C-terminal sequences in and the synonymous differences normally exceeded the primates and bovids (data not shown), so the terminal sequences were pooled for later analyses. Only the nonsynonymous The results ones (table 4) . also confirmed conclusions the that the C-terminus was used for the mice, as the N-terminus of Ka/KS ratios are exceptionally high in the Sry gene, comthe mouse Sry has only two amino acids. In all three pared to other mammalian genes (e.g., Li, Wu, and Luo taxonomic groups (mammals, rodents, bovids) the HMG 1985; Wolfe and Sharp 1993; Ohta 1995) . However, the box had clearly less nucleotide differences than the Nand C-terminal sequences (tables l-3). This held both for synonymous and nonsynonymous distances. The estimates of synonymous substitutions (KS) using the PBL method were in some cases 45% smaller than those given by Whitfield, Lovell-Badge, and Goodfellow (1993), e.g., the distance between human and baboon HMG boxes reduced from 0.096 to 0.054. Our estimates of K, were a little higher than the earlier ones and, consequently, the K,IK, ratios became much higher. There also was an apparent error in the table 2 of Whitfrequencies-in the different parts of the gene (i.e., a reanalysis showed that -this was mainly the case in the terminal sequences, and particularly so in apes in which the K, values commonly exceeded those of KS (table 1) . The Ka/KS ratio calculated from the total lengths of the phylogenetic trees based on the terminal sequences was 0.49 for bovids, 0.64 for rodents, and 0.78 for primates. These ratios from the sequences of the HMG box were 0.54, 0.27, and 0.26, respectively. The results also clearly indicated a correlation between the synonymous and nonsynonymous substitution gion with low K, also had low K,) (table 4) . Even though the Ka/Ks ratio in bovids was very similar for the terminal and the HMG sequences, the nucleotide differences in terminal regions were over three times more frequent than in the HMG box. The ratio of nonsynonymous differences in the HMG box to those in the terminal sequences was 0.31 in bovids, 0.21 in rodents, and 0.17 in primates. The ratios for synonymous distances were 0.28, 0.50, and 0.49, respectively.
Whitfield, Lovell-Badge, and Goodfellow (1993) and Tucker and Lundrigan (1993) concluded that the K,/ KS ratios are high in the Sry genes. However, they provided no statistical analysis to support this suggestion, and one cannot exclude the possibility that some of the high ratios reflect stochastic variation when the distances are very small. Furthermore, the comparisons are not independent of each other because of the phylogenetic structure. If a gene is completely free of selective constraints, or if the constraints are identical for synonymous and nonsynonymous changes, we would expect that the two distance measures are identical, i.e., K, = KS. We could therefore expect that the proportion of nonsynonymous substitutions (K,I(K, + KS)) equals 0.5 and would follow a binomial distribution under the null hypothesis. The expected number of synonymous differences between two sequences should be K,L, and that of nonsynonymous differences K,L,, where L, and La refer to the numbers of synonymous and nonsynonymous nucleotide sites. It is not clear how L, and La should be calculated, because the differences KS and K, are estimated by separating different nucleotide categories (degeneracy classes, and transitional and trans- versional differences).
Noting that the number of synonymous substitutions is s2L2 + (sq + vq)L4 = K,L, and that of the nonsynonymous substitutions is (sO + vO)LO + L2v2 = K,L,, we can roughly estimate that
where the 90% confidence limits were very broad. The observed values were within the 90% limits, but because of short branch lengths this analysis was not very powerful .
Discussion
where Li is the number of nucleotides in the degeneracy class i, and si and vi are the proportions of transitional and transversional substitutions in the respective degeneracy class (see Li 1993; Pamilo and Bianchi 1993) .
Small distances can give erratic estimates for L, and L,, because some of the Si'S and Vi's are zero, and the ratios in the above equations vary widely. Pairwise comparisons with larger distances gave approximately L, = 180 and L, = 580 for the terminal sequences of the primate Sry locus. Using these values, the 90% confidence limits for the proportion K.J(K, + K,) were calculated from the binomial distribution for the null hypothesis K, = KS ( fig. 2~2 ). All the pair-wise comparisons with K, + KS < 0.15 had K, > KS, and half of the values fell outside the upper 90% confidence limit ( fig. 2a) . Pairwise t-tests (using estimates of K, and KS and their standard errors) also showed that all six data points above the upper 90% line were significant (P < 0.05, two-tailed test), whereas all the others were nonsignificant. The distances larger than 0.15 had K, < KS, and the values fell close to the lower 90% confidence limit ( fig. 2a) . The results indicated that the terminal sequences had a high frequency of nonsynonymous substitutions, higher than expected from the neutral hypothesis (which predicts K, = KS). The comparisons that gave data points above the upper 90% line were Hsa-Ppa, Hsa-Ppy, Ptr-Ppy, Ppa-Ggo, Ppa-Ppy, and Ggo-Ppy, so they were not caused by any single species.
The same analysis for the mouse terminal sequences (using L, = 105 and L, = 270) showed a different pattern. Most comparisons had the ratio K&K, + KS) below 0.5, and often below the lower 90% limit ( fig.  2b) . However, only three of the comparisons were significant in a pairwise t-test. The situation in bovids was similar to that in rodents in that the observed ratios fell below the 0.5 line (ranging from 0.25 to 0.5, see table 3).
The HMG boxes had smaller proportions of nonsynonymous substitutions and the values were commonly below the lower 90% limit in both primates and rodents (data not shown). Pairwise comparisons of bovines (bison and cow) to caprines (goat and sheep) had larger K&K, + KS) ratios in HMG than in terminal sequences (table 3) , but the ratios were below 0.5.
The data points in figure 2 were not independent because of the phylogenetic structure. We analyzed the data from primate terminal sequences also using the branch lengths (both for K, distances and for KS distances) of the phylogenetic tree as independent data points. These branch lengths were independent of each other, but they were also so small that all the data points from the comparisons including apes fell into the area
The reanalyses of the sequences confirm and strengthen the conclusion that the Sry genes have high K,/K, ratios, and specify this observation by showing that the ratio is particularly high in the terminal sequences and that the rates of synonymous and nonsynonymous substitutions are positively correlated within the gene. Earlier authors have speculated that the high KJ KS ratio might indicate positive selection (Tucker and Lundrigan, 1993; Whitfield, Lovell-Badge, and Goodfellow 1993) . There is limited support for this from the comparisons of the terminal sequences of apes, where the nonsynonymous substitutions seem to have been significantly more frequent than the synonymous substitutions. Hurst (1994b) proposed that the Sry gene is involved in intragenomic conflicts and therefore under positive selection accelerating amino acid changes in the protein. He further predicted that such selection should be associated with the mating system and the probability of simultaneous multiple paternity of embryos. This hypothesis predicts that there are more substitutions in polygamous than in monogamous taxa. Hurst claimed some support for this prediction from the comparisons of different primate species with humans. We, however, find it difficult to get good support for the hypothesis. First, because the comparisons of extant taxa include the evolutionary changes that have taken place in the ancestral forms, it is uncertain to what extent the sequence patterns can be related to any specific mating system. Second, it is doubtful whether there is a clear elevation of the rate of protein evolution in lineages where the extant species have polygamous mating systems compared to species with monogamous mating system. Polygamy occurs in the two species of chimpanzees, in many baboons (the species sequenced is not known) and to some extent in orangutangs.
Hurst's hypothesis can be evaluated by counting the number of amino acid substitutions in the Sry protein within each lineage ( fig. 1) . (There are four ambiguous amino acid sites with multiple substitutions in such a way that the substitutions may have occurred either in the baboon lineage or in the lineage leading to apes after the separation of baboons.) The only indication of high nonsynonymous substitution rate comes from chimpanzees, although the binomial probability shows a significant difference (P = 0.033) between the lineages of humans (two substitutions) and pygmy chimpanzees (nine substitutions) only when done as a one-tailed test. Otherwise there is no support for the hypothesis. The number of amino acid substitutions is smaller in the lineage of baboons than in any others originating from the same branching point, and also smaller in the lineage of orangutangs than in others originating from that branching point ( fig. 1 ). Many authors have remarked that the function of the Sry protein seems to depend on the HMG box and no function is known for the terminal parts (Goodfellow and Lovell-Badge 1993; Whitfield, Lovell-Badge, and Goodfellow 1993; Haqq et al. 1994; Tucker and Lundrigan 1995) . If that is the case, we might expect that the synonymous and nonsynonymous sites in the terminal regions are under similar evolutionary constraints and would show approximately similar evolutionary rates. This seems to be rather a good explanation for the observations at the terminal sequences, but the data from rodents indicate that nonsynonymous sites may have more severe constraints (17 out of 20 pairwise comparisons with K, + KS < 0.2 had K, < KS), whereas the data from the apes points to the existence of weak positive selection at the protein level (15 out of 16 pairwise comparisons with K, + KS < 0.2 had K, > KS). These findings indicate that the terminal sequences may have some function. There are also other types of sequence changes in the terminal regions that are not covered in our analysis. The C-terminus has a couple of short indels in primates and long trinucleotide repeats in some rodent sequences which makes it impossible to align the rodent sequences completely (Tucker and Lundrigan 1993) . The observed positive correlation of synonymous and nonsynonymous substitutions within the Sry gene is clear in all three taxonomic groups analyzed (i.e., segments with low K, have also low KS). It is well known that rates of synonymous and nonsynonymous changes are correlated when different mammalian genes are compared (Mouchiroud, Goutier, and Bernardi 1995) . There are various hypotheses for such a correlation. It could be based on intragenomic variation of mutation rates, on differences between isochores, or on clustering of mutations by a neighbor effect. It is unusual that a strong correlation exists within a single gene, which in the case of Sry consists of a single exon.
One possibility for the observed correlation of synonymous and nonsynonymous substitutions could be that the function of the Sry depends not only on the amino acid sequence but on the nucleotide sequence (either DNA or mRNA) directly. The function of the HMG box is based on its capacity to bind either to DNA into some specific nucleotide sequences or to cruciform DNA without sequence specificity (Pontiggia et al. 1995) . Some mutations in the HMG region lead to changes in this capacity and result in sex reversal. The cases of sex reversal so far reported are based on changes in the amino acid content of HMG (Haqq et al. 1994) .
There are two relevant comparisons that might help to solve the problem of the observed intragenic correlation. It is clear that the nonsynonymous changes are under strong selective constraints in the HMG box, but it is important to compare which one of the synonymous rates (that in the HMG box or in the terminal region) best corresponds to those found in other genes. The sec- very similar and the difference in the evolutionary rates seems not to be associated with differences in the nuond comparison is whether other box-containing genes show a similar correlation.
Wolfe and Sharp (1993) compared sequences of 363 nuclear genes from mouse and rat, and obtained the mean estimates of K, = 0.03 (range 0.0-0.37 ) and KS = 0.22 (range 0.04-0.78). These values were obtained with the method of Li, Wu, and Luo (1985) and we can expect that the unbiased estimate of KS should be lower and that of K, somewhat higher. We did not reanalyze all the sequences, but randomly picked nine of them which we then analyzed with the PBL method. For these cleotide or codon frequencies.
The observed positive correlation of synonymous and nonsynonymous substitutions in the mammalian Sry genes remains unexplained. It should, however, be noted that the Sry locus is in the distances, and the differences in the terminal sequences Y chromosome, and the generation-time hypothesis suggests that the Y-chromosomal sequences may evolve faster than those in other chromosomes (Pamilo and Bianchi 1993; Shimmin, Chang, and Li 1994; Chang and Li 1995 Considering the wide range reported by Wolfe and Sharp (1993) , it is impossible to define any typical substitution rates in mouse and rat. Our result, however, suggests that the synonymous sites in the HMG box are
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